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Dark Matter Detection with Hard X-ray Telescopes
Tesla E. Jeltema1 and Stefano Profumo1
ABSTRACT
We analyze the impact of future hard X-ray observations on the search for
indirect signatures of particle dark matter in large extragalactic systems such
as nearby clusters or groups of galaxies. We argue that the hard X-ray energy
band falls squarely at the peak of the inverse Compton emission from electrons
and positrons produced by dark matter annihilation or decay for a large class of
dark matter models. Specifically, the most promising are low-mass models with
a hard electron-positron annihilation final state spectrum and intermediate-mass
models with a soft electron-positron spectrum. We find that constraints on dark
matter models similar to the current constraints from the Fermi Gamma-Ray
Space Telescope will be close to the sensitivity limit of the near-term hard X-ray
telescopes NuSTAR and ASTRO-H for relatively long observations. An instru-
ment like the Wide Field Imager (WFI) proposed for ATHENA would instead
give a significant gain in sensitivity to dark matter if placed in a low background
orbit similar to NuSTAR’s; however, given the higher expected background level
for ATHENA’s proposed orbit at L2, its sensitivity will be similar to that of
NuSTAR.
Subject headings: (cosmology:) dark matter — acceleration of particles — radia-
tion mechanisms: non-thermal — galaxies: clusters: general — X-rays: galaxies:
clusters
1. INTRODUCTION
Well into its third year of science operations, the Fermi gamma-ray space telescope
mission (Atwood et al. 2009) has reached a high degree of maturity, and delivered very
significant science results, including for the field of new physics and dark matter searches.
Of the utmost importance for the latter was the detailed, survey-mode exploration of the
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gamma-ray sky in the 1-100 GeV energy range. In the near future, the high-energy sky will
be probed with unprecedented accuracy by a new generation of hard X-ray space telescopes,
including NuSTAR (Harrison et al. 2010), ASTRO-H (Takahashi et al. 2010) and Advanced
Telescope for High ENergy Astrophysics (ATHENA) (Barcons et al. 2011). In the present
study, we investigate the role that future hard X-ray observations can play in the quest for
the particle nature of dark matter.
The search for dark matter with the Fermi telescope has been an extremely active
field within and outside the Fermi Collaboration. Unfortunately, no clear association of a
gamma-ray signal with dark matter has been possible so far, thus only limits on properties
of the dark matter particle could be derived. An incomplete list of the most significant
results includes searches for an annihilation signature from nearby dwarf spheroidal galax-
ies (Ackermann et al. 2011; Abdo et al. 2010b), for an annihilation or decay signal from
nearby groups and clusters of galaxies (Ackermann et al. 2010a; Dugger et al. 2010), the
search for monochromatic gamma-ray lines (Abdo et al. 2010a; Vertongen & Weniger 2011)
and the search for cosmological dark matter annihilation in the isotropic diffuse gamma-
ray sky (e.g. Abdo et al. 2010c; Papucci & Strumia 2010). Atmospheric Cherenkov Tele-
scopes have also undertaken an aggressive and comprehensive campaign of indirect searches
for gamma rays from dark matter at higher energies than Fermi-LAT. For example, the
H.E.S.S. experiment targeted the Galactic center (Abramowski et al. 2011b), the Sculptor,
Carina (Abramowski et al. 2011a) and Sagitarrius dwarf galaxies (Aharonian 2008), while
the MAGIC telescope recently reported searches for dark matter annihilation in the Perseus
cluster of galaxies (Aleksic et al. 2010) and in the Segue I dwarf galaxy (Aleksic et al. 2011).
Since the Fermi telescope is by design an electron-positron (e± ) detector, accurate spec-
tral information on cosmic-ray e± was also obtained (Abdo et al. 2009; Ackermann et al.
2010b). This measurement attracted wide-spread attention given the excess high-energy
positron flux reported by the Pamela telescope (Adriani et al. 2009), a possible hint of
Galactic dark matter annihilation or decay, though Fermi gamma-ray observations also put
strong constraints on these models (Ackermann et al. 2010a; Dugger et al. 2010). Claims
of a gamma-ray signal from the region of the Galactic center that might be associated to
dark matter annihilation have also been put forward (Hooper & Goodenough 2011). Clearly,
while Fermi data allowed significant constraints to be put on dark matter models, several
tantalizing observations possibly related to particle dark matter signals keep open the pos-
sibility that the high-energy sky might unveil particle physics beyond the Standard Model.
Clusters of galaxies have been prime targets for searches for dark matter annihilation
and decay, for several reasons. First, they are the largest collapsed dark matter structures
in the universe. Additionally, the sheer size of clusters of galaxies is such that secondary
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stable particles produced in dark matter annihilation, and in particular e± , loose energy on
time scales much shorter than the timescale for these particles to diffuse out of the system
(as is instead the case for smaller objects such as dwarf galaxies, see e.g. Jeltema & Profumo
2008; Colafrancesco et al. 2007). This fact implies that a significant secondary emission from
e± resulting from dark matter annihilation and decay should be detectable from clusters,
if the annihilation rate is large enough (Colafrancesco et al. 2006). Indeed, some of the
most stringent constraints on particle dark matter models that would explain the Pamela
positron fraction with dark matter annihilation or decay have been set utilizing the predicted
inverse Compton (IC) emission from the up-scattering of cosmic microwave background
(CMB) photons by e± from dark matter annihilation (Ackermann et al. 2010a) or decay
(Dugger et al. 2010) in clusters.
Gamma rays are a prime tool to search for dark matter in the class of weakly interacting
massive particles (WIMP) primarily because the gamma-ray energy range corresponds to
the energy scale of the expected WIMP mass. However, future gamma-ray instruments
will, presumably, focus on higher energies than Fermi (for example with the advent of the
Cherenkov Telescope Array (CTA), Hermann 2011): this will be beneficial to test TeV-
scale dark matter models, but will leave substantially out of reach low-mass dark matter
candidates, i.e. WIMPs with masses on the order of a few GeV. As we briefly review in what
follows, several tantalizing experimental data, primarily from direct dark matter detection
experiments, point towards this class of WIMP models. However, the existence of a multi-
wavelength dark matter emission spectrum, that includes the (primary) prompt emission of
radiation from the annihilation or decay event as well as the secondary emission from stable
charged particles also produced by dark matter annihilation or decay, can be exploited to
constrain dark matter models.
We point out here that for low-mass WIMP models (roughly, WIMPs lighter than half a
TeV) the peak of the IC emission expected for example from clusters of galaxies falls squarely
in the energy range that will be probed by the next generation hard X-ray telescopes. Such
relatively light WIMPs are not only of interest in view of recent experimental developments,
but also because theoretical arguments indicate that particle dark matter models that are
being – and will be – tested with the Large Hadron Collider (LHC) should have masses
precisely in that range. Hard X-ray experiments could therefore play an important role
in the forthcoming years, possibly complementary to direct dark matter detection and to
collider searches for new physics.
In the present study we outline in sec. 2 theoretical arguments that indicate that IC
emission from light WIMPs peaks in the hard X-ray band making this a very interesting
energy range to search for a dark matter signal, especially in environments like galaxy clus-
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ters, but possibly also in the Galactic center. We illustrate this with a few selected WIMP
models. As an example, in sec. 3 we calculate the sensitivity of NuSTAR, slated to launch
in February 2012, to the relevant hard X-ray signals and derive the performance of NuSTAR
over the WIMP parameter space of pair-annihilation rate versus mass, discussing also the
anticipated performance of other proposed X-ray telescopes like ASTRO-H and ATHENA.
Finally, we present our discussion and conclusions in sec. 4.
2. DARK MATTER SIGNATURES IN HARD X-RAY
We argue in this Section that the hard X-ray band is a very promising energy range
to search for annihilation or decay of weakly interacting massive particles. In particular,
we show that the energy range probed by upcoming telescopes like NuSTAR, ASTRO-H,
and ATHENA covers the location of the Inverse Compton (IC) peak expected from the up-
scattering of background photons by electrons and positrons (e± ) produced by weak-scale
particle dark matter annihilation or decay.
The average frequency 〈ν〉 of IC up-scattered photons with an initial frequency ν0 by
an electron or positron (e± ) with a Lorentz factor γel is (Longair 2010):
〈ν〉 ≈
(
4
3
γ2el
)
ν0. (1)
Relevant frequencies for us are those of cosmic microwave background photons, ν0 ∼ 10
−3 eV,
of starlight photons, ν0 ∼ 1 eV, and of IR photons resulting from the scattering, absorption
and reemission of the starlight by dust, ν0 ∼ 10
−2 eV. The typical Lorentz factor of e±
resulting from the annihilation or decay of dark matter depend on the dark matter mass mχ
and on the annihilation final state. Approximately, for typical hard (µ+µ−) and soft (bb¯)
annihilation or decay final states, one finds
γel ∼
(mχ
2
) 1
me
for a µ+µ− final state;
γel ∼
(mχ
20
) 1
me
for a bb¯ final state.
As a result, a rule of thumb for the energy of photons up-scattered by e± produced by a
dark matter particle with a mass mχ gives
〈ν〉 ≈
(
mχ
10
1
me
)2
ν0. (2)
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Thus, we find that typically
〈ν〉 ∼ 1− 100
( mχ
10 GeV
)2
keV (CMB) (3)
〈ν〉 ∼ 10− 1000
( mχ
10 GeV
)2
keV (Dust) (4)
〈ν〉 ∼ 1− 100
( mχ
10 GeV
)2
MeV (Starlight) (5)
In systems like clusters or groups of galaxies, where dark matter annihilation or decay occurs
across the entire dark matter halo, CMB photons dominate the overall target photon energy,
thus the bulk of the IC emission is expected precisely across the energy band relevant for
NuSTAR, ASTRO-H and for the Wide Field Imager (WFI) proposed for ATHENA.
We illustrate in Fig. 1 the multi-wavelength spectrum expected from the annihila-
tion of weakly-interacting dark matter particles (WIMPs) (for related early studies see e.g.
Colafrancesco et al. 2006, 2007; Profumo & Ullio 2010). In the figure we show, with arbitrary
units, the spectral energy distribution (SED) for three generic, model-independent WIMP
spectra. Horizontal lines indicate the approximate energy range relevant for NuSTAR, for the
Fermi Gamma-Ray Space Telescope, for ASTRO-H, and for the WFI on ATHENA. For the
sake of illustration, we choose to normalize the spectra to have the same integrated photon
flux above 0.1 GeV. Also, we conservatively only include CMB photons as target back-
ground radiation for IC scattering: higher energy photons from starlight and dust would
produce a further, albeit subdominant feature at higher energies than the IC peak shown
in our spectra. In addition, we neglect diffusion of e± based on the fact that the typical
timescale for e± diffusion at scales comparable to those of groups or clusters of galaxies
is much longer than the energy loss timescale for the e± energies of interest here (see e.g.
fig. A.3 of Colafrancesco et al. 2006).
In Fig. 1 we choose two models whose dominant pair-annihilation mode is into a pair
of bb¯ quarks, with two different particle masses of 10 and 100 GeV, and one model with a
τ+τ− annihilation final state and a particle mass of 10 GeV. Notice that since dark matter
is believed to be non-relativistic in the Galaxy, the SEDs are truncated at a photon energy
equivalent to the dark matter particle mass by conservation of energy and momentum.
We now briefly comment on the physical motivation behind the choices of particle dark
matter models. The bb¯ final state is typical of certain classes of WIMP models, including
supersymmetry (Jungman et al. 1996); the gamma-ray and e± yield of the bb¯ final state is,
additionally, very similar to that of a generic quark-antiquark or gluon-gluon final state, and
is, in this respect, a quite representative choice.
The choice of a 10 GeV mass is representative of the mass range preferred by recent di-
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Fig. 1.— Shown, in arbitrary units, but normalized to the same integrated flux above 0.1
GeV, is the spectral energy distribution of dark matter models with a bb¯ annihilation final
state and a mass of 10 (solid black line) and 100 GeV (black dashed line), and with a τ+τ−
final state and a mass of 10 GeV (red solid line). We also indicate, with horizontal blue
arrows, the relevant energy range for NuSTAR, ASTRO-H, WFI on ATHENA, and the
Fermi gamma-ray space telescope.
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rect detection experimental claims, including CoGeNT (Aalseth et al. 2011), DAMA/LIBRA
(Bernabei et al. 2010) and CRESST-II (Angloher et al. 2011), though whether these exper-
imental results might or might not be related to the direct detection of WIMPs remains
highly debated and controversial. Also, the “crossing symmetry” problem of reconstructing
the pair-annihilation final state from direct detection results is well beyond the current ex-
perimental information, so any guess constitutes the result of some theoretical prior. The
choice of a 100 GeV mass is, instead, motivated by the lightest possible neutralino mass
in minimal supersymmetric extensions of the Standard Model (MSSM) with gaugino mass
unification at the grand unification scale, in view of recent null searches for supersymmetry
with the Large Hadron Collider (see e.g. Aad et al. 2011; Khachatryan et al. 2011, and also
see results presented at the 2011 summer conferences by the ATLAS and CMS Collabo-
rations). Again, the final state choice depends on the bias towards supersymmetric dark
matter models with a neutralino as the lightest supersymmetric particle.
Finally, we chose a 10 GeV candidate with a τ+τ− final state in view of recent claims that
observations including gamma rays from the center of the Galaxy (Hooper & Goodenough
2011), the radio excess known as the WMAP haze (Hooper & Linden 2011) and the syn-
chrotron emission from Galactic Center radio filaments (Linden et al. 2011) might be related
to the pair-annihilation of a 7-10 GeV WIMP dominantly annihilating into leptons, and
specifically into τ+τ− pairs. While these claims are also rather controversial, a τ+τ− annihi-
lation final state is plausible in some WIMP models, including for example the coannihilation
region of the constrained MSSM. Examples of dark matter models with a preferential τ+τ−
annihilation final states have also been recently been considered by Buckley et al. (2010);
Logan (2011); Boucenna & Profumo (2011).
Notice that the gamma-ray and the e± production in the case of bb¯ (or, generically, of
strongly interacting) annihilation final states stems primarily from the decays of neutral and
charged pions produced in the hadronization of the quark decay products. These secondary
pions have significantly lower energies than the primary decaying particle, resulting in a soft
gamma-ray and e± spectrum. In the case of τ+τ− final state a similar production mechanism
exists for the τ hadronic decay channels, but much harder photons and e± are produced by
the leptonic decay modes into muons and electrons, as well as from internal bremsstrahlung.
The τ+τ− final state thus produces a harder gamma-ray and IC spectrum, for a given particle
dark matter mass.
While the particular choice of low masses (10 GeV) we employ for two of the three
illustrative spectra is motivated by possibly controversial recent data, we argue that the
class of annihilation final states we consider are indeed quite representative of theoretically
motivated WIMP models, and have thus great generality. Indeed, in supersymmetry, barring
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fine-tuned regions of parameter space where the scalar-tau is almost degenerate with the
lightest neutralino (stau coannihilation region), the gamma-ray and e± spectra correspond
to either quark-antiquark final states, or to gauge boson pairs (in the case of higgsino- or
wino-like neutralinos). The (dominant) hadronic decay channels for massive gauge bosons
produce spectra for e± very similar to what we consider here – the electrons and positrons
originate from high-energy charged pion decay chains in both cases. In this respect, the
spectral features of the bb¯ final state can be regarded, from a theoretical perspective as
highly representative. We also argue that the τ+τ− is theoretically well-motivated. First,
it can be viewed as the only exception to the bb¯ final state class discussed above, for the
stau coannihilation region, in the context of supersymmetric dark matter models; secondly,
it reproduces rather closely what is expected in another theoretically motivated class of dark
matter models: universal extra dimensions (Hooper & Profumo 2007). For this reason, in
what follows we concentrate on the two choices of bb¯ and τ+τ− annihilation final states for
the spectra of e± and gamma rays from dark matter annihilation.
Fig. 1 shows that the detailed spectral predictions closely match the approximations
outlined in the early part of this section, in particular Eq. (3), with rather representative
hard and soft e± spectra corresponding to the τ+τ− and to the bb¯ final states, respectively.
Also, the scaling with the WIMP mass given again in Eq. (3) indicates that for supersym-
metric WIMP candidates, which preferentially pair-annihilate into final states leading to
soft e± spectra, the hard X-ray regime will cover the peak of the IC emission for virtually
all neutralino models with GUT-scale gaugino mass unification that will be tested with the
LHC. Depending on the number of years the LHC will collect data for, it is reasonable to
expect a sensitivity to gluinos as heavy as 2-3 TeV; gaugino mass unification implies that
a bino-like lightest neutralino have a mass ∼ 1/6 the mass of the gluino, implying WIMP
masses up to 300-500 GeV. What we find in Fig. 1 implies that even at 500 GeV a significant
IC emission would fall within the NuSTAR energy range.
We conclude this section by remarking that all of the considerations above hold for the
case of a meta-stable dark matter scenario where the dark matter particle decays with a
macroscopic lifetime. In this case, however, the resulting spectra for the case of the pair
annihilation of a particle of mass mann annihilating into a Standard Model final state XX
corresponds to the spectrum of a particle of mass mdec = 2 ×mann decaying into the same
final state XX , by conservation of energy.
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3. DARK MATTER DETECTION WITH PROPOSED HARD X-RAY
TELESCOPES
In this section, we specifically investigate the potential for NuSTAR observations of
nearby clusters of galaxies to reveal or constrain a signal from dark matter annihilation. The
effective area of the Hard X-ray Telescope (HXT) on ASTRO-H1 will be very comparable to
that of NuSTAR and its sensitivity to dark matter similar. The WFI proposed for ATHENA,
while primarily a soft X-ray instrument, would give a large gain in effective area at energies
less than ∼ 10− 12 keV compared to NuSTAR and current X-ray telescopes like XMM and
Chandra, though with higher background than the former, and we also estimate its potential
sensitivity to a dark matter signal.
We simulated the NuSTAR sensitivity for a 1 Msec observation of a nearby cluster using
the background and response files provided by the NuSTAR team2. Specifically, we estimate
the flux limit which can be obtained by NuSTAR for an extended source in three energy
bands, 6-10 keV, 10-30 keV, and 30-60 keV. We consider a source region with a radius of six
arcminutes, and the NuSTAR background and response files were modified appropriately for
a source of this size. At off-axis angles greater than 6’, the NuSTAR effective area is less
than half of the on-axis effective area3; in addition the predicted dark matter annihilation
signal is proportional to the square of the dark matter density and drops quickly with cluster
radius. The combination of these effects means that little signal is expected for NuSTAR at
larger radii.
We model the hard X-ray spectrum from dark matter annihilation induced IC emission
as an exponentially cut-off power law with a photon index of 1.5 and a cut-off energy of
around 100 keV. The expected spectrum, in particular the energy cut-off, depends on the
specific dark matter model and particle mass considered, but we found that the NuSTAR
photon flux limits depend only very weakly on changes in the spectrum for the range of dark
matter models we consider. We find that for a 1 Msec observation, NuSTAR could detect a
cluster flux of roughly 1.1×10−6 photons cm2 s−1 in the 6-10 keV band at three sigma above
the background; the flux limits are 2.5× 10−6 photons cm2 s−1 and 5.4× 10−6 photons cm2
s−1 for the 10-30 keV and 30-60 keV bands, respectively.
In the above calculations, we do not consider any additional background which might
come from astrophysical cluster X-ray emission. Below we will consider the specific case
1http://astro-h.isas.jaxa.jp/researchers/sim/effective area.html
2http://www.NuSTAR.caltech.edu/for-astronomers/simulations
3See the NuSTAR Performance Guide at http://www.NuSTAR.caltech.edu/for-astronomers/simulations
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of a hard X-ray observation of the Fornax cluster, which was found to be the best candi-
date cluster for detecting a gamma-ray signal from dark matter annihilation or decay with
Fermi (Jeltema et al. 2009; Ackermann et al. 2010a; Dugger et al. 2010). Fornax is a low-
mass cluster/group of galaxies with a low temperature thermal X-ray gas (Scharf et al. 2005;
Buote 2002). Conservatively taking the temperature of the hotter thermal component found
by Buote (2002) with kT = 1.5 keV, we find that the thermal gas in the Fornax cluster
would contribute a count rate of ∼1% of the X-ray background for NuSTAR in the 6-10
keV band and negligibly to harder bands. We add this component as an additional back-
ground to dark matter detection in what follows. Due to their proximity, nearby groups
of galaxies (such as e.g. Fornax, M49, and NGC4636) have given the strongest individ-
ual constraints on dark matter models based on the non-detection of gamma-ray emission
with Fermi (Ackermann et al. 2010a; Dugger et al. 2010), and these would be good targets
for hard X-ray searches as well. For larger, hotter clusters, thermal X-ray emission could
contribute a significant flux at the lowest energies probed by NuSTAR.
For some nearby clusters additional sources of background could come from non-thermal
hard X-ray emission (e.g. debated non-thermal emission in the Coma cluster (Wik et al.
2011)) or bright, central AGN (e.g. NGC1275 in Perseus and M87 in Virgo), but again
these sources are not present in some of the best candidate groups and clusters like Fornax.
Hard X-ray emission has only been detected from a handful of clusters which are typically
merging clusters with detected large-scale diffuse radio emission. The origin of the hard
X-ray emission is sometimes ascribed to IC emission by the cosmic ray electrons generating
the radio halo, but in most cases can simply arise from shock heated, multi-temperature gas
(e.g. Ajello et al. 2009, 2010). Many clusters, however, do not show evidence for non-thermal
emission in that they lack detected diffuse radio emission (e.g. Brunetti et al. 2009), limiting
the possible cosmic ray electron population and consequently the possible non-thermal hard
X-ray emission. Fornax does not have detected radio halo emission, shows no evidence for
gas hotter than ∼ 2 keV, and has not been detected in the Swift-BAT multi-year all-sky
survey (Scharf et al. 2005; Ajello et al. 2010). NuSTAR is an imaging hard X-ray telescope,
and its spatial resolution will be sufficient to remove any background AGN detected.
Fig. 2 illustrates the potential sensitivity of NuSTAR to a dark matter annihilation
signal. Specifically, the predicted emission for the same dark matter models as in the previous
section is shown in an extended X-ray band, this time normalized to the limits from the Fermi
Gamma-ray Space Telescope on the same dark matter models from observations of the Fornax
cluster of galaxies (Ackermann et al. 2010a). Note that the field-of-view of NuSTAR is small
compared to that of the Fermi-LAT. NuSTAR, with the assumed source size of 6’ radius,
would probe the central, dark matter densest cluster regions and would detect a local cluster
as an extended source. Fermi, on the other hand, has a point spread function of around one
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Fig. 2.— Shown is the hard X-ray spectral energy distribution of the same models as in
fig. 1, here normalized to the current Fermi limits for the Fornax cluster. We also show
the NuSTAR sensitivity in three energy bins for a 1 Msec observations (solid blue line).
The dashed blue line shows the sensitivity including possible uncertainty in the NuSTAR
background rate. The green line shows the predicted sensitivity of the WFI instrument
proposed for ATHENA in the 6-10 keV band also for a 1 Msec observation. The magenta
line instead shows the sensitivity that an instrument like the WFI would have if placed in a
similar orbit to NuSTAR where the NXB is considerably lower than at L2, the orbit chosen
for ATHENA.
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degree at the most relevant energies for dark matter detection, making even nearby clusters
essentially point-like. In Fig. 2, we have renormalized the curves to reflect the difference in
the expected dark matter annihilation flux from the inner 6’ of the Fornax cluster compared
to the flux from a radius of 1◦, which is roughly a factor 2.3 larger for an assumed NFW or
Einasto profile. The plot thus allows a direct comparison between the performance of Fermi
as a dark matter detector with that of near term hard X-ray telescopes. We compare the
predictions with the expected sensitivity for NuSTAR, shown with blue lines and calculated
as described above. The solid line shows the expected sensitivity for a 1 Msec observation.
The X-ray background level for NuSTAR has been estimated by the NuSTAR team based on
simulations and observations4 (Harrison et al. 2010), but the actual background level may
be different. In Fig. 2, the dashed blue line shows an estimate of the impact of systematic
uncertainty in the background level on the potential dark matter constraints. Here we include
a factor of 2 uncertainty in the non-X-ray (particle) background level5 and a 20% uncertainty
in the cosmic X-ray background level (Gilli et al. 2007). An additional source of uncertainty
will come from the precision to which the actual X-ray background can be determined once
NuSTAR is operational. Luckily, compared to the soft X-ray background, the hard X-ray
background is spatially uniform, and with current telescopes like Chandra the background
above a few keV is predictable to the couple percent level6. However, this level of systematic
uncertainty is similar to the dark matter flux one would like to measure (in the case of the
solid blue limits shown in Figure 2, the dark matter count rate is a little more than 1% of
the total background in the 6-10 keV band), and this level of uncertainty in the background
measurement would weaken the dark matter constraints.
We translate in Fig. 3 our predictions for the sensitivity of NuSTAR as a dark matter
detector onto the plane of the WIMP pair-annihilation cross section versus mass, again for
the Fornax cluster. The black line represents the published Fermi limits for a bb¯ final state
(see Ackermann et al. 2010a). All lines show the constraints without accounting for any
substructure in the cluster. Notice that this is clearly an overly conservative assumption,
as galaxies within the cluster enhance the annihilation signal by a factor of a few compared
to the signal from the smooth halo alone (Ackermann et al. 2010a; Jeltema et al. 2009).
However, rather than the absolute value of the pair annihilation cross section that hard X-
ray constraints will allow us to probe, here we are interested in comparing the performance
of future X-ray telescopes with current gamma-ray observations.
4See the NuSTAR Performance Guide at http://www.NuSTAR.caltech.edu/for-astronomers/simulations
5http://www.inta.es/g4suw2009/docs/Presentations/20 Wed May 2009/G4SUWS 2009 Zoglauer NuSTARBackgroundAndG4Activation.pdf
6http://cxc.harvard.edu/contrib/maxim/acisbg/COOKBOOK
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Fig. 3.— Shown is a comparison of the performance of NuSTAR (in three distinct energy
bands, red lines) and of the Fermi gamma-ray space telescope (solid black line) for the
detection of a dark matter signal from annihilation in the Fornax cluster, for a bb¯ final state,
on the pair-annihilation versus mass parameter space. We also show the NuSTAR sensitivity
to a τ+τ− annihilation final state, for the 6-10 keV and 10-30 keV energy bands.
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The predictions for the sensitivity of a 1 Msec NuSTAR observation of the core of
Fornax to WIMP annihilation to a bb¯ final state are shown with red lines: the dashed
line corresponds to the softest, 6-10 keV energy band, for which we include background
contamination from the cluster thermal bremsstrahlung emission (very small for Fornax,
but potentially important for other clusters); the solid line corresponds to the intermediate
10-30 keV energy band, and the dot-dashed line to the highest energy band, between 30 and
60 keV. We also indicate the sensitivity to a hard pair-annihilation final sate (here, again,
τ+τ−) with blue lines. The convention is again that the dashed line corresponds to the 6-10
keV energy band, and the solid line to the intermediate 10-30 keV band. Given the interest
in low-mass WIMP models with a τ+τ− mentioned in the previous section, we show here
also masses below 10 GeV.
Fig. 2 and Fig. 3 show that a long NuSTAR observation of the Fornax cluster in the
6-10 keV energy range would yield similar constraints to those from Fermi for very low dark
matter particle masses around 10 GeV for both a bb¯ and a τ+τ− final state, if the background
level is similar to the nominal level predicted. For larger masses, the NuSTAR constraints
would be about a factor of two weaker for the bb¯ case. The constraints weaken somewhat if
the NuSTAR background is systematically higher.
In the most constraining energy band (6-10 keV), an instrument like the WFI pro-
posed for ATHENA would give a large gain in effective area. However, the current plan for
ATHENA is to place it at L2 where the non-X-ray (particle) background is predicted to be
significantly higher than for the low Earth orbit selected for NuSTAR (Smith et al. 2010).
Using the currently available response and background files7, we find that combining these
factors the ATHENA WFI would have a similar sensitivity to dark matter annihilation in
Fornax as that of NuSTAR, which we show as the green line in Fig. 2. If, however, the
non-X-ray background for ATHENA was similar to that of NuSTAR (i.e. similar orbit),
its sensitivity would be significantly better and stronger than the Fermi limits for low dark
matter particle masses (magenta line in Fig. 2). While this estimate does not correspond to
a planned mission, it does show that with near term technology, one could design an X-ray
mission with the ability to place interesting constraints on dark matter models. In these
estimates, we include the expected thermal cluster emission.
We stress that a result very similar to what is presented in Fig. 3 would correspond to
the case of meta-stable dark matter decay, with the pair annihilation cross section replaced
by the (inverse) lifetime, and with a rescaling of a factor 2 of the WIMP mass on the x-
axis. A possible difference would correspond to the amount of matter within the line of
7http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=43974
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sight, the relevant quantity for decay signals, which might, depending upon the dark matter
density distribution, favor gamma-ray observations with a larger field of view over hard X-ray
observations, though a mosaic of X-ray observations could be used to cover a larger cluster
area.
4. DISCUSSION AND CONCLUSIONS
We considered the performance of future hard X-ray telescopes in searching for indirect
signals from low-mass dark matter particles, a class of models that will be out of reach for
future gamma ray telescopes such as CTA. We carried out detailed estimates for the NuSTAR
telescope sensitivity to the annihilation signal in the Fornax cluster of galaxies from three
well-motivated benchmark dark matter models. We concluded that only with a relatively
long observing time will NuSTAR get close to the current sensitivity of the Fermi gamma-
ray telescope to the same models. We also pointed out that the Wide Field Instrument
proposed for ATHENA will achieve a similar sensitivity level to NuSTAR in for its current
proposed orbit, but that an instrument like the WFI placed in a low background orbit (like
that chosen for NuSTAR) could exceed the Fermi sensitivity for low mass WIMP models.
While novel constraints on dark matter may be a bit out of reach of upcoming hard X-ray
telescopes, the fact that for a large range of dark matter models the expected secondary IC
emission form dark matter annihilation peaks in this band means that dark matter searches
can be very relevant to the planning of future X-ray missions. In particular, an appropriately
planned mission with a low background orbit, a high sensitivity around 10 keV, and a large
field-of-view could provide unique information on light weakly-interacting massive particle
dark matter models.
In this study we did not focus on the imaging capabilities of future hard X-ray in-
struments, which will be significantly better than what is possible with present and future
gamma-ray telescopes. While in the observation of distant extragalactic objects the instru-
mental angular resolution is much less critical than the instrument field of view in the search
for a signal from dark matter, there are other astrophysical environments where the opposite
might be true. A clear example is the Galactic center, where source confusion plagues the
possibility of a solid discrimination between a diffuse signal from dark matter versus multiple
point sources with gamma-ray observations. Hard X-ray data on the Galactic center region
will greatly help clarify the nature of the high-energy emission from that region, in particular
in connection with a possible dark matter interpretation.
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